The aim of this study was to investigate the prognostic relevance of lymphangiogenesis and lymphovascular invasion in a large cohort of breast cancer patients. Introduction: Invasion of tumor cells into blood and lymphatic vessels is one of the critical steps for metastasis. The presence or absence of lymph node metastasis is one of the main decision criteria for further therapy. One shortcoming of previous morphologic studies was the lack of specific markers that could exact discriminate between blood and lymphatic vessels. The aim of this study was to evaluate the prognostic relevance of lymphangiogenesis and lymphovascular invasion in breast cancer patients. Methods: We investigated 374 tissue specimens of patients suffering from invasive breast cancer by immunostaining for the lymphatic endothelial specific marker podoplanin. Lymphangiogenesis, quantified by evaluating the lymphatic microvessels density (LMVD), and lymphovascular invasion (LVI) were correlated with various clinical parameters and prognostic relevance. Results: LMVD correlated significantly with LVI (P ϭ 0.001). LVI was associated significantly with a higher risk for developing lymph-node metastasis (P ϭ 0.004). Calculating the prognostic relevance, LVI presented as an independent prognostic parameter for disease free as well as overall survival (P ϭ 0.001, and P ϭ 0.001, respectively). Conclusion: Our data provide evidence that the biologic system of lymphangiogenesis constitutes a potential new target for development of anti-breast cancer therapeutic concepts. Our results further suggest that young, premenopausal patients with low differentiated breast tumors and high LMVD and LVI would, in particular, benefit from lymphangiogenesis-associated therapeutic strategies.
T he major cause of death from breast cancer is dissemination of the primary tumor leading to formation of metastases. Spread to axillary lymph nodes is often the first step of generalization. 1 Thus, the presence of lymph node metastasis represents a major criterion for evaluating the potential prognosis of breast cancer patients and predicts the choice of additional chemotherapy and/or radiation therapy after surgery of primary tumor. 2 Tumor-associated lymphatic vessels are considered as the main rout of tumor cells to axillary lymph nodes. 3 Lymphovascular invasion (LVI) of tumor cells is a prerequisite for the dissemination via the lymphatic system. Tumor cells exposed to more microvessels are more likely to spread to distant sites and to lymph nodes. 4, 5 Therefore, antilymphangiogenic therapies have been suggested as novel therapeutic concepts, and first preliminary experimental studies show promising results. 6 Studies of lymphatic vessels and lymphogenic metastasis have been hampered by the lack of specific lymphatic markers. 7 Until recently, immunohistochemical identification of lymphatic vessels was, somehow unreliably, achieved by comparing staining of pan-endothelial markers like PECAM-1/CD31 8, 9 with markers of the basal lamina, eg, collagen type IV. 10 Vessels that reacted with CD31 but lacked a basement membrane staining with red blood cells in their lumens were deemed lymphatic. 9 More recently, lymphatic vessel identification has been made possible by the identification of the vascular endothelial growth factor receptor-3 (VEGFR-3), which is predominantly expressed on lymphatic endothelium in normal adult tissue but is also up-regulated on blood vessel endothelium in tumors limiting its use in visualizing tumorassociated lymphangiogenesis. 11, 12 Until now, two studies about the clinical relevance of lymphangiogenesis in human breast cancer exist: Jacquemier et al using VEGFR-3 as lymphatic marker saw no association between their microvessel count and the patient's lymph node status or overall survival. 13 The second study by Nathanson et al applying an immunohistochemical staining combination with factor VIII, collagen 4, and VEGFR-3 to identify lymphatic vessels, in contrast, described a significant correlation between high VEGFR-3-microvessel density and the patient's lymph node status. 3 The predictive value of LVI, determined by the presence of neoplastic cell emboli within spaces showing a clear endothelial lining, is also being discussed controversially. 14 -16 The identification of podoplanin as a specific marker of the lymphatic endothelium and the development of a polyclonal antibody have enabled us to selectively stain lymphatic vessels. 17 Therefore, to our knowledge, this study presents the first data correlating lymphangiogenesis and lymphovascular invasion on the prognosis in a representative cohort of breast cancer patients. Although respective, preliminary evidence does exist, 3, 13, 15, 18 the prognostic relevance of lymphangiogenesis and lymphovascular invasion in breast cancer has not yet been investigated in a large cohort using a specific lymphatic marker.
The aim of this study was the investigation of lymphangiogenesis and lymphovascular invasion, its predictive role of lymph node involvement, and its prognostic relevance in a large series of breast cancer with long-term follow-up.
MATERIALS AND METHODS

Patients and Tissues
The study population consisted of 374 randomly collected cases with invasive breast cancer UICC stages 1 to 4 that participated in one of five prospective, randomized, multicenter trials conducted by the Austrian Breast and Colorectal Cancer Study Group. 19 All tumors were regraded according to Elston and Ellis. 20 Special care was taken to include only specimens with sufficient amounts of normal tissue surrounding the invasive tumor.
All patients underwent breast surgery and dissection of axillary lymph nodes, containing at least 10 nodes.
Immunohistochemistry and Determination of Lymphatic Microvessel Density (LMVD)
Rabbit anti-human podoplanin IgG was raised against the recombinant human homologue of the rat 43-kDa glycoprotein podoplanin, as described previously. 17 Affinity purification of rabbit serum was performed using nitrocellulose strips containing recombinant protein. 21 Four-micrometerthick serial sections of selected paraffin were cut, deparaffinized in xylol, rehydrated, and microwave pretreated in citrate buffer at 600 W for 10 minutes. After cooling for 15 minutes and washing in phosphate-buffered saline (PBS), endogenous peroxidase was blocked by using 3% hydrogen peroxide for 15 minutes, followed by incubation with PBS containing 10% normal goat serum for 30 minutes. For immunostaining of podoplanin, specimens were incubated at 20°C with the polyclonal rabbit antibody in a dilution of 1:200 for 1 hour. Detection of positive staining was per-formed using biotinylated goat anti-rabbit IgG or horse antimouse IgG (both Vector Laboratories, Burlingame, CA) for 30 minutes at 20°C followed by a streptavidin-peroxidase complex, according to the manufacturer's instructions. Peroxidase reaction product was visualized by diaminobenzidine (Serva, Heidelberg, Germany). Slides were counterstained with hematoxylin.
Determination of LMVD assessed by immunostaining for podoplanin was performed as suggested by Weidner et al. 5, 22 In brief, after scanning the immunostained section at low magnification (40ϫ), the area of tissue with the greatest number of distinctly highlighted microvessels ("hot spot") was selected. LMVD was then determined by counting all immunostained vessels at a total magnification of 200ϫ corresponding to an examination area of 0.7386 mm 2 . Determination of the staining reaction was strictly confined to the hot spots. LVI was considered evident if at least one tumor cell cluster was clearly visible inside the podoplanin-stained vascular space. 23 Microvessel counts were done by two independent observers, naive to the patient's pathologic and clinical status. The mean value of microvessel densities observed by both investigators in each patient was entered into further calculations. In the case of interobserver differences Ͼ30% in microvessel count, the respective slides were reinvestigated by both observers using a discussion microscope (evident in Ͻ10% of cases).
A block of cervical cancer used in a previous study served as positive control. 24 For negative control, a slide was prepared from the same tissue block and a preimmune serum was used instead of the primary antibody.
Estrogen receptor density was determined using the dextran charcoal method from snap-frozen tumor samples as described previously. 25 For definition of estrogen receptor positivity, cutoff values of Ͼ10 fmol/L were used. 26
Immunofluorescence
Immunofluorescence was performed on acetone-fixed cryostat breast cancer sections with podoplanin sera produced in mice and LYVE-1 (affinity purified rabbit-anti IgG, kindly provided by Dr. David Jackson, Oxford, UK). Alexa 488 and Alexa 633 labeled secondary antibodies, and for nuclear counterstaining propidium iodide was used (all from Molecular Probes, Eugene, OR). Triple-channel confocal laser scanning microscopy analysis was performed on a Zeiss LSM 510.
Statistics
Association of LMVD and LVI with clinical and pathohistologic parameters was investigated using Kruskal-Wallis test or Spearman's coefficient of correlation, as appropriate. Overall survival (OS) was defined as the period from primary surgery until death of the patient. Death from a cause other than breast cancer, or survival until the end of the observation 
RESULTS
Clinical Data
The mean patient's age at time of surgery was 57 years (median, 57.6 years); 124 patients (33.2%) were premenopausal, 240 (64.1%) postmenopausal, and in 10 (2.7%) the status was not known. Mean estrogen receptor density was 106.52 Ϯ 173.29 fmol/L, and 288 (77%) were considered as estrogen-receptor positive, and 78 (20.9%) as estrogen receptor negative. For 8 patients (2.1%) the receptor status was not known.
As surgical treatment, breast conservation (usually wide excision) was performed in 133 patients (35.5%), and mastectomy in 205 (54.7%), including one patient treated with surgery after Rotter-Halstead. For 36 patients (9.6%) primary surgical treatment could not be evaluated. After breast conservation, the majority of patients were treated with adjuvant radiotherapy, except a small subgroup of patients with minimal risk. After surgery 55 patients (14.7%) received no adjuvant therapy. In 184 (49.1%) tamoxifen was administered for 5 years at a dose of 20 mg/day. Forty-three patients (11.5%) patients received a combined adjuvant chemotherapy (6 ϫ CMF intravenously for 6 cycles, days 1 and 8, recycled on day 28, at the given doses: cyclophosphamide 600 mg/m 2 , methotrexate 40 mg/m 2 , and fluorouracil 600 mg/m 2 ). A combination of CMF plus tamoxifen was administered in 80 patients (21.4%). Four patient (1.1%) received tamoxifen plus Orimeten.
Eight patients (2.1%) received goserelin for 3 years (3.6 g s.c. q 28 days) plus tamoxifen (29 mg/day) for 5 years. Most of patients were treated within prospective clinical trials and thus documentation and follow-up is excellent; 212 patients (56.6%) were staged lymph node negative whereas 162 patients (43.3%) had positive axillary lymph nodes. For staging at least 10 lymph nodes were examined. Tumor grading was as followed: 54 tumors (14.4%) were graded G1, 169 (45.1%) G2, and 151 carcinomas were graded G3 according to Elston; 207 breast tumors (55.3%) were staged pT1, 148 tumors (39.6%) pT2, 3 tumors (0.8%) pT3, and 16 tumors (4.3%) were staged pT4 according to UICC stages; and 327 patients (87.4%) had ductal NOS carcinomas and 47 FIGURE 1. A: Breast cancer specimen with a high peritumoral LMVD (some of the lymphatic vessels stained for podoplanin are marked with arrows). Note the absence of lymphatic vessels in the tumor (T) (immunoperoxidase, original magnification ϫ200). B: Podoplanin-stained lymphatic vessel (arrows) with tumor cells (T) inside (LVI). Note the absence of endothelial podoplanin staining in a venous blood vessel (BV) with typical smooth muscle cells within its wall (immunoperoxidase, original magnification ϫ400). Line below shows immunofluorescence on lymphatic vessel for podoplanin and lyve-1, revealing perfect overlap (merge). Immunofluorescence, nuclear counterstaining with propidium iodide. 
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Immunofluorescence and Immunohistochemistry
Triple immunofluorescence confirmed that the grand majority of vessels (Ͼ97%) labeled with podoplanin also expressed LYVE-1 (Fig. 1) .
Intratumoral lymphatic vessels were extremely rare (observed in 5 cases), whereas most lymphatic vessels were located within the tumor stroma, at the border front to invasive tumor formations, as reported previously. 18 Lymphangiogenesis carcinomatosa was mainly seen in open lymphatic vessels but was absent in narrow or collapsed lymphatic spaces (Fig. 1B) .
Median LMVD was 9.4 microvessels/ field (range 0 -31 vessels). LVI was observed in 105 cases (28.1%). A significant correlation was seen between histologic grading and LMVD (P ϭ 0.004, Mann-Whitney U test), between LMVD and LVI (P ϭ 0.001, Mann-Whitney U test), and between LVI and the lymph node status (P Ͻ 0.001, Mann-Whitney U test). Young (Ͻ 57.6 years at time of surgery) and premenopausal patients had significantly higher LMVD (10.1 Ϯ 4.3 vs. 8.7 Ϯ 4.8, P Ͻ 0.001, and 10 Ϯ 4.3 vs. 9.1 Ϯ 4.7, P Ͻ 0.001 respectively, both Mann-Whitney U test) and presented significantly more often with LVI (41% vs. 18.3% of LVIϩ, P Ͻ 0.001, and 37.9% vs. 22.5% of LVIϩ, respectively, both Mann-Whitney U test) than older (Ͼ 57.6 years) and postmenopausal women. There was no 
Survival Analysis
The mean observation time was 268.4 months (range, 8 -510 months). In univariate survival analysis, a significant difference in OS and DFS was found between patients with or without LVI (P ϭ 0.0001 and P ϭ 0.0001, respectively, log-rank test ͓Fig. 2͔), lymph node status (P ϭ 0.016 and P ϭ 0.002, respectively, log-rank test), histologic grading (P ϭ 0.0002 and P ϭ 0.0007, respectively, log-rank test), and type of therapy (P ϭ 0.035 and P ϭ 0.039, respectively, log-rank test). LMVD (P ϭ 0.768 and P ϭ 0.153 for OS and DFS, respectively, log-rank test) as well as the patient's age and other clinical and histopathologic parameters had no influence on OS and DFS in our collective.
LVI remained an independent prognostic factor for OS (P ϭ 0.006) and DFS (P ϭ 0.001) in multivariate analysis. Further histologic grading (P ϭ 0.004 and P ϭ 0.003, respectively, for OS and DFS, Cox regression), and lymph node involvement (P ϭ 0.007 and P ϭ 0.0056, respectively, for OS and DFS, Cox regression) remained independent prognostic factors. Tumor size was shown as significant prognostic factor in multivariate analysis only for DSF (P ϭ 0.038, Cox regression) ( Table 2 ).
DISCUSSION
The invasion and metastasis of tumor cells are important biologic features of neoplasm and the main cause for poor prognosis and death. 28 Axillary lymph node status at time of diagnosis is the most significant and durable prognostic factor in breast cancer patients. 1 Various studies have been focused on the identification of characteristics of primary tumors predictive of lymph node involvement. 29, 30 In this study, we investigated the impact of lymphangiogenesis, presented in the number of lymphatic vessels surrounding the tumors, and the lymphovascular invasion in peritumoral lymphatic capillaries on the prognosis in invasive breast cancer using a lymphatic endothelial specific markers. 17, 31, 32 Lymphatic vessels were almost exclusively found at the tumor's invasion front and not within the tumor formations, a finding that goes in good accordance with recently published studies. 18, 24, 33, 34 Lymph node metastases were shown to occur in tumors that lack intratumoral functional lymphatics, suggesting that functional lymphatics at the tumor margins are responsible for lymphatic dissemination. 33 One hypothesis means that intratumoral lymphatic vessels collapse, caused by the physical stress exerted by the growing tumor making them unlikely to be some as the entrance for metastatic tumor cell spread. 34 Here we show that breast cancers with high peritumoral lymphangiogenesis, measured with peritumoral LMVD, significantly more often invade these lymphatic vessels (lymphangiogenesis carcinomatosa). This significant association between LMVD and LVI could be attractively explained through a lymphangiogenesis-induced increase of the "lymphatic window" providing tumor cells with more opportunities to enter into lymphatic vessels. The risk of developing lymph node metastasis increases significantly with the presence of lymphangiogenesis carcinomatosa so lymphovascular invasion could likely be regarded as the precursor of nodal involvement. However, only LVI and not LMVD showed as a prognostic factor in our patient cohort, as well as for OS and DFS. Further, there was no significant association calculated between the degree of LMVD and the risk of patients to develop lymph node metastasis. Therefore, it is tempting to speculate that a sufficient number of peritumoral lymphatic vessel is a prerequisite for lymphovascular invasion by tumor cells, but one has also to keep in mind that additional, biologic mechanisms, involving multiple steps and molecular participants, are finally necessary for the tumor cell to invade lymphatic vessels. 35, 36 The significant association between the patient's age and LMVD and LVI goes in good correlation with studies that reported an independent association of patient's age and nodal involvement 37 and might be explained by the fact that young age is also an independent prognostic factor for women with breast cancer.
High LMVD and great risk of LVI were associated with a low histologic differentiation grade, leading to the speculation that a fast-growing tumor produces more growth factors and offers a bigger clonal variety of tumor cells capable of invading lymphatic vessels compared with well-differentiated slow-growing tumors.
Whereas published data indicate that tumor cells can actively induce tumor-associated lymphangiogenesis and lymphatic metastasis by expressing the lymphangiogenic VEGF-C, a recent report indicates that lymphatic vessels might, in turn, actively promote tumor cell attraction and lymphatic metastasis. 38 So the question remains if VEGF-C contributes to lymph node metastasis by boosting the number of lymphatic vessels or by promoting hyperplasia and dilation of peritumoral lymph vessels. 39 The fact that we saw most LVI in open lymphatic vessels, and at the same time noticed a statistical significant association between LMVD and LVI, provides evidence that a combination of both effects might be necessary for a tumor to metastasize. Thus, it appears reasonable to hypothesize that blocking the growth and/or phenotype of newly formed lymphatic vessels could alter or finally inhibit lymphangiogenic metastases.
Our results also indicate the high predictive value of LVI and LMVD in breast cancer for a tumor's high metastatic potential. Surgeons and pathologists should be especially diligent and thorough in searching for lymph nodes in premenopausal, young patients with low differentiated tumors presenting with high LMVD and LVI.
The system of lymphangiogenesis represents a potential new target for development of anti-cancer strategies. Specific lymphatic endothelial markers, such as podoplanin, Prox-1, and LYVE-1, now provide sufficient tools to open researchers to much better opportunity to monitor the effect of therapeutic concepts on tumor lymphangiogenesis. Our data also suggest that especially young, premenopausal patients with low differentiated breast tumors would benefit from a future lymphangiogenesis-associated therapy.
